The spontaneous magnetization of a quantum point contact ͑QPC͒ formed between two large quantum dots by a lateral confinement of a high-mobility two-dimensional electron gas is studied for a realistic GaAs/Al x Ga 1Ϫx As heterostructure. The model of the device incorporates the contributions from a patterned gate, doping, surface states, and mirror charges. To explore the magnetic properties, the Kohn-Sham local spin-density formalism is used with exchange and correlation potentials that allows for local spin polarization. Exchange is the dominant mechanism behind local magnetization within the QPC, while the correlation part is less prominent. However, the correlation potential gives rise to an important correction in the QPC potential. Below the first conduction plateau we thus find a magnetized regime corresponding approximately to a single electron spin. Using an approximate separable saddle potential we compute the conductance and recover the so-called ϳ0.7 (2e 2 /h) conduction anomaly plus an additional anomaly at ϳ0.4 (2e 2 /h) below which the magnetization collapses.
I. INTRODUCTION
Ballistic quantum point contacts ͑QPC's͒ may be created in heterostructures like GaAs/Al x Ga 1Ϫx As by confinement of the interfacial two-dimensional electron gas ͑2DEG͒ using split-gate or etching techniques. For example, when a negative voltage is applied to a split metallic gate deposited on top of the heterostructure, the 2DEG at the semiconductor interface is shaped as a narrow constriction or channel connecting two extended electron reservoirs ͑source and drain͒. For such structures, a quantized conductance G was discovered experimentally in 1988.
1,2 Hence the conductance exhibits plateaus at integer multiples of G 0 ϭ2e 2 /h when the gate voltage V g is swept. This result is well understood as an adiabatic transmission via spin-degenerate sublevels associated with the constriction, and is successfully modeled by means of a parabolic saddle potential. 3 In addition to the ''integer'' conductance steps, an anomalous structure at 0.7G 0 has been explored by Thomas and co-workers in 1996. 4 -6 This feature is usually referred to the ''0.7 structure'' or ''0.7 conduction anomaly,'' although the actual value may vary between ϳ0.5 and Ϫ0.7 depending on the electron density, the length of channel region, and the surface gate geometry. 6, 7 The anomaly was also observed in trench-etched GaAs QPCs, 8 epitaxially gated, 9 V-groove, 10 and quasiballistic quantum wires, 7, [11] [12] [13] and in constrictions in series. 14 In the limit of small ͑''zero''͒ source-drain bias V sd the structure becomes sharper with increasing temperature, indicating some kind of activation mechanism 15 and Kondo-like behavior. 16, 17 When increasing the bias the activation mechanism is gradually suppressed and the 0.7 structure is observed also at lowest temperatures. Cronenwett et al. 17 refered to this behavior as a zero-bias anomaly ͑ZBA͒. A parallel magnetic field also makes the 0.7 structure more pronounced and shifts it toward the half-plateau (e 2 /h) characteristic for spin alignment.
The 0.7 anomaly also generated a number of theoretical efforts to explain the conductance anomaly, 18 -28 but at present there seems to be no consensus on its real origin. 29 From the first experimental paper 4 a popular idea is to link the anomalous behavior to the onset of spontaneous spin polarization in the QPC. 18, 23, 25, 26 The first modeling attempts along this line, however, were rather course grained. Using simple analytic model potentials and the Kohn-Sham localspin-density approximation ͑LSDA͒, it was shown that a bare local exchange potential can induce spontaneous local magnetization and a spin splitting of sublevels. Hence a halfplateau with Gϭe 2 /h is readily achieved because spin-down states, let us say, will be completely depopulated in the QPC.
Within the LSDA the exchange potential is much stronger than the correlation potential. Consequently exchange is the primary driver behind the spontaneous spin polarization in the QPC, but, as such, it appears to overdo the splitting of levels. In the present paper we will therefore go beyond the first rather exploratory approaches by using a more realistic model for a gated heterostructure device which takes into account exchange as well as correlation potentials. In this way we wish to test the possibilities of using LSDA to understand some of the features underlying the conductance anomaly. Being effectively a one-electron model the LSDA is not well suited for describing the more salient features of a ZBA. On the other hand, it is a robust model that should tell one about the presence of local spin states in the QPC and should apply when the ZBA is of less concern. In the following we will assume zero temperature. With this approach we recover local magnetization within the region of the QPC for a particular model device consisting of two relatively large quantum dots interconnected by a QPC. Using the simple parabolic saddle potential 3 to obtain a rough idea about the conductance, we find that the magnetization is accompanied by a conductance anomaly at ϳ0.75G 0 . In addition we also find an additional anomaly at ϳ0.4G 0 . This qualitative behavior of G is similar to Sushkov's recent Hartree-Fock results for a singlet one-dimensional ring with a potential barrier. 27 Section II presents our model for the QPC, our choice of exchange/correlation potentials, and selected computational aspects. Numerical results for spin-dependent potentials for the QPC region and spontaneous magnetization are discussed in Sec. III. Rough estimates of the conductance are given in Sec. IV. Finally, Sec. V contains a brief summary and concluding remarks.
II. THEORETICAL MODELING
To generate a self-consistent potential for a QPC in GaAs/Al x Ga 1Ϫx As we will apply conventional device modeling tools to a basic structure consisting of two quantum dots connected by a short narrow wire ͑QPC͒, as shown schematically in Fig. 1 . Ideally the quantum dots should be as large as possible in order to mimic the source and drain in a real device, but practical computational aspects will obviously impose severe restraints. The actual size of the dots and the constriction can be varied by changing the geometry of the gate, i.e., its lithography, as well as by the applied gate voltage V g . Our computational scheme is described in detail elsewhere. 30, 31 Generally it is quite similar to recent LSDA designs of quantum-dot artificial ferromagnetic crystals. 32 Therefore we just summarize the major steps here. We assume that the electron gas is strictly two dimensional, and calculate the potentials and electron density distributions in the plane of the 2DEG. To introduce the spin effects explicitly into the model, we solve the self-consistent Kohn-Sham spin-relaxed equations for up and down spin electrons (ϭ Ϯ 1 2 ) using discretization and finite-difference methods. The system is assumed to be in its ground state. 33 The solutions of the Kohn-Sham equations are therefore real at this point. Below we will turn the solutions into traveling waves that can carry a current.
The effective one-electron potential consists of ͑a͒ the bare electrostatic confinement potential U con f (x,y) with contributions from the gate, the uniformly smeared donor layer, and surface states, and ͑b͒ the Coulomb ͑Hartree͒ potential U e (x,y) derived from the ͑2D͒ two-dimensional Poisson equation including the contribution from mirror charges. Furthermore, the effective potential involves two additional potentials U ex (x,y) and U corr (x,y), which describe exchange and correlation effects, respectively. The 2D electron exchange potential is taken in the conventional LSDA form U ex (x,y)ϰϪ(n ) 1/2 where n is the local 2D density of electrons with spin . As for the correlation energy, we follow the procedure described in Refs. 34 and 35, and hence use the correlation energy in the parametrized form of Tanatar and Ceperley 36 for fully polarized and nonpolarized 2DEG's and then interpolate between the two extreme cases. Finally, we make use of a very weak fictitious Zeeman term (g B Bϭ10
Ϫ6 eV). This is just a mathematical trick in order to trigger the onset of spin polarization. The splitting between levels because of this term is much smaller than the one caused eventually by exchange interactions, and can be removed after a few iterations. The direction of the polarization is, of course, arbitrary. In the actual calculations we have made the choice to favor the ↑-spin direction. For a few cases we have initiated the iterations by letting the Zeeman splitting be spatially dependent, e.g., having different signs in the two reservoirs. The final self-consistent results have, however, remained unaffected.
In the LSDA the one-electron equations for and Ϫ spins are coupled. To solve them self-consistently we use an iterative process in which the input values of the potentials are derived from the semiclassical Thomas-Fermi approximation. The electron density for each spin are calculated at each iteration step as
and used to obtain the potentials in the next iteration applying a mixing procedure. 31 Here f (E i ,) is the Fermi-Dirac distribution function, E i the one-electron levels which are discrete in this model, i (x,y) the corresponding wave functions, and the chemical potential. The dots are in equilibrium with the surface states at the metal interface. With these states as reference we let ϭ0, and assume a zero temperature. In practice self-consistency is reached when the energy eigenvalues in successive iterations are identical within a given numerical accuracy (10 Ϫ6 eV). The spin polarization ͑local magnetization͒ of the system is obtained as the difference between the densities of ↑ and ↓ electrons:
III. NUMERICAL QPC POTENTIALS AND LOCAL MAGNETIZATION
We have applied our computational scheme to the coupled dots in Fig. 1 . For realistic structures of this kind the computations are numerically tedious. With the parameters defined in Fig. 1 the typical number of electrons in the system is about 140. This corresponds to a sheet electron density of ϳ10 11 cm Ϫ2 , which is a realistic number for real devices. The local electron density n(x,y) within the QPC region is, of course, much less. This is also the region in which the correlation potential U corr plays a more crucial role. 37 If the n(x,y) is sufficiently low, spin polarization occurs spontaneously in the QPC. Assuming that the electrons in the QPC behave locally as a homogeneous 2D gas, spontaneous polarization is to be expected because the kinetic-energy term, that promotes double occupancy of levels, then decreases linearly with electron density, while the exchange term, that favors parallel spins, has a square root dependence and a negative sign. At low densities the exchange will therefore dominate and induce a spin alignment. In practice, we reach the magnetized regime by sweeping the gate voltage toward the pinch-off, which effectively leads to a decrease of the electron density in the constriction. Figure 2 shows the 2D spin density p(x,y) in the QPC for the case of maximal spin effects. A highly pronounced ridge is thus present within the channel, while some minor peaks and valleys may be found in the pad regions. Figure 2 refers to a case when only a few electrons reside in the QPC and the conductance is, as we will see, less than G 0 . It is hard, however, to give the precise number of electrons due to uncertainties how to define the active QPC region. At any rate, an integration of the total density n(x,y) over the lithographic channel area in Fig. 1 indicates that there are about five electrons present. The number of excess spins is more well defined. An integration over the central peak in Fig. 2 tells that there is an excess of ϳ0.7 up-spin electrons with our choice of preferred spin orientation. A qualitatively similar local magnetization was discussed by Kolehmainen et al. 38 for an analytic model constriction between two circular dots ͑bone-shaped dot͒. The magnetic behavior is, however, more complex than just indicated.
According to the Kohn-Sham equations the spontaneous magnetization within the QPC disappears if the electron density is lowered further toward pinch-off. Consequently there is an ''intermediate''-density regime in which a well-defined magnetization resides right in the middle of the QPC. This magnetization is consistent with the presence of a single spin. Below the intermediate region, toward pinch-off, one also finds a local magnetization, although it is much weaker. In this case quite a faint polarization occurs just outside or at the openings of the QPC. It looks as if the extended ridge in Fig. 2 has separated into two parts that slide away from each other toward the two openings of the QPC, and that the state is more akin to a charge density wave. This finding is in line with Sushkov's proposition for a 1D ring. 27 A similar picture for the spin density may also be found at higher gate voltages above the intermediate regime.
In general the wave functions i (x,y) extend over the device, but depending on energy and spin they penetrate into the QPC's to various degree. In the energy range of interest there is a large number of states that only partially populate the QPC region. If integrated over the lithographic channel one finds that these states contribute just a small number of electrons (ϳ5 in the example above͒. In the intermediate regime the integrated magnetization corresponds to approximately a single spin, but, as for the net number of electrons in the QPC, it is shared by many states. Figure 3 shows the total potentials for and Ϫ electrons in the spin-polarization regime V G ϭϪ0.3805 V, i.e. the polarized case above. Figure 3͑a͒ refers to the longitudinal ͑along the channel͒ and Fig. 3͑b͒ to the transverse middle cross section of the device. Obviously the saddle potentials are distinctly different for the two spins which would result in different transmission coefficients. For comparison Fig. 3 also shows the potential for V G ϭϪ0.3735 V ͓Figs. 3͑c͒ and 3͑3d͔͒ which corresponds to a higher density in the QPC. In this case there is no polarization and the potentials for the two spins are the same. Let us consider the behavior of the potentials just around the center of the saddle region. The particular features in this region determine to a transport propertie to a large extent. The potential in Figs. 3͑c͒ and 3͑d͒ is evidently well described by the parabolic saddle potential 3 
V͑x,y ͒ϭV
Here x and y are related to the curvatures of the potentials in the x and y directions, m*ϭ0.067m e is the effective mass of electron, and V 0 is the potential at the saddle maximum. As mentioned already, the parabolic saddle potential accounts well for the normal integer quantized conductance in a QPC. We will therefore present our results for all the potentials in terms of ប x , ប y , and V 0 . Figure 4 shows the value V 0 of the potential at the center of the QPC as a function of the gate voltage V g . The effect of magnetization is clearly seen in the voltage domain V g ХϪ0.375 V to V g ХϪ0.381 V. For higher voltages the density in the QPC is increased and the polarization disappears. This is to be expected from the simple considerations above about the different energy terms for a homogenous electron gas. Using this kind of naive argument the collapse of the polarized state at lowest densities below V g Х Ϫ0.381 V is less obvious. As described above the polariza- . In most cases the parabolic approximation is reasonable at the center of the QPC as, for example, in Figs 3͑b-d͒. In the region where the polarized state is about to collapse it is, however, somewhat less accurate. This also true for the region V g ϾϪ0.375 V in Fig. 4 .
As a supplemant to the LSDA calculations we have also performed spin-free Hartree calculations. In this case all structures in previous figures are replaced by smoothly varying curves. In particular, we have not recovered the pinning effect in long wires discussed by Hirose et al. 25 We have also tested the influence of finite temperatures T via the FermiDirac distribution function in Eq. ͑1͒. Within the LSDA a finite T is only found to gradually decrease the spin splitting.
IV. CONDUCTANCE
As outlined above we have generated potentials associated with a narrow channel connecting two quantum dots. Let us assume that these potentials also represent realistic and accurate potentials in the case when we increase the size of the dots to semi-infinite reservoirs. The qualitative features of the conductance for such QPC's may then be predicted from the position of the transverse subband threshold FIG. 3 . Total potentials for electrons with spin direction ͑solid line͒ or Ϫ ͑dashed line͒ the QPC channel in the longitudinal ͓͑a͒ and ͑c͔͒ and lateral ͓͑b͒ and ͑d͔͒ direction; ͑a, b͒ at V G ϭϪ0.3805 V the potentials for and Ϫ electrons split and the channel is in the spin-polarized state ͑also see Fig. 2͒ ; ͓͑c͒ and ͑d͔͒ at an increased gate voltage V G ϭϪ0.3735 V the potentials coincide and the spin polarization in the channel disappears. The reference level is the chemical potential ͑Fermi energy͒ ϭ0.
relative to the chemical potential. In the Büttiker model, for example, the first subband threshold is equal to V 0 ϩប y /2 at which the transmission is 1/2 for a state. Figure 6 shows these threshold energies ͑lowest transverse modes͒ for the two spin directions. Obviously both channels remain conducting as spin polarization within the QPC appears with decreasing V g . The transmission for each spin channel is higher than one half but less than one. Hence the conduction anomaly associated with the onset of spin polarization should occur at a value higher then (e 2 /h). In view of previous results in Ref. 18 and 23, this enhancement is due to the correlation potential in the LSDA.
To make the arguments above more quantitative we use our estimates of ប x , ប y , and V 0 as input parameters in the Büttiker model. Although useful for rough estimates the Büttiker model must be applied with caution in the present context. First, the approximation of the potential with a parabolic saddle potential is not always accurate. Second, we assume that the potential is separable. Third, we make the simplifying assumption that we can use a one-electron approach. We thus dismiss the possibility that there may be complex spin textures within the QPC that may give rise to, for example, correlated scattering events.
With these reservations we make use of the exact transmission coefficients 3 for the parabolic saddle in Eq. ͑3͒. For the lowest transmission mode one obtains the transmission T for each spin ,
where
In our case we are interested in transmissions at the Fermi level, i.e., we have Eϭ0. In the limit of small source and drain voltage the conductance is given by the usual Landauer-Büttiker expression for zero temperature:
The results for the conductance are shown in Fig. 7 . There are two pronounced structures at ϳ0.75G 0 and ϳ0.4G 0 associated with the onset and collapse of the interior magnetization of the QPC as described above. In view of previous figures the ''anomalies'' in G do not come as a surprise. Exact shapes and values of G are, however, less accurate as we have relied on the Büttiker one-electron model for our estimates. To test the parabolic saddle approximation for the QPC we have therefore numerically calculated the transmission for our self-consistent potentials in the x direction ͑along the QPC͒ while keeping our previous parabolic form for the transverse y direction. Once more we recover the two pronounced structures in G at the same voltages as above. The values for G at the anomalies are, however, somewhat elevated compared with the results for the parabolic model. We also recall that in this case we have assumed that the potential is separable. The results should therefore be considered just as fair estimates of the true conductance. Our results are in remarkable overall agreement with Sushkov's 27 singlet Hartree-Fock results for a 1D ring with a barrier. It is also intriguing that a 0.4 structure was observed in long wires, although its appearence seems less systematic. 4, 13, 15, 39 In summary, the two structures in G appears to be real. Fine details should, however, be taken with caution because of the approximate way of estimating transmissions which are exponentially sensitive to small variations in the QPC potential. We also believe that the finite separation (ϳ0.05 meV) between levels due to the finite size of the device implies sharper features in the computed conductance. As a consequence there are stepwise variations of occupancy and electron states at the Fermi energy as V g is varied. If there is a continuum of states at E F as for infinite reservoirs, one should therefore expect that the sharp kinks in G would be smoothed. The local magnetization would evolve in the same way as described above, although more gently, i.e., it would disappear more gradually close to pinchoff. As mentioned in Sec. III, we have also considered the Hartree approximation. In this case the computed conductance shows the usual integer conductance steps but there are no signs of additional anomalies or pinning effects.
V. CONCLUSION
We have studied the effect of spontaneous spin polarization in realistic QPC devices by developing a self-consistent procedure within the local spin-density theory LSDA which includes both exchange and correlation potentials. We have shown that the electron gas in the QPC becomes ferromagnetic in a region below the lowest conduction plateau. The magnetization, which corresponds to approximately one spin in within the QPC, should be of interest in connection with spin injection. 23 The exchange potential is the dominant driver behind the magnetization. Although the correlation potential is much weaker it may give rise to significant corrections, particularly in the conductance. Using a simplified separable parabolic potential for the QPC we recover a conduction anomaly at ϳ0.75G 0 . If the correlation potential would be omitted in the LSDA the conduction anomaly would occur at 0.5G 0 , 18 corresponding to a complete spin splitting of the subbands. Complete omission of spin effects as in the Hartree approximation would remove all traces of structures in G. The correlation potential is thus important in bringing theory and experiments closer to each other. Obviously our model does not explain the zero-bias anomaly ͑ZBA͒ but should be useful for a nonzero bias ͑or elevated temperatures͒ which suppresses ZBA.
In addition to the 0.7 anomaly we also find an anomaly at 0.4. This feature was also obtained by Sushkov 27 for a 1D ring, and has been observed in experiments. 4, 13, 15, 39 The information about the 0.4 structure is, however, less complete and the effect needs further studies.
In the range 0.4G 0 ϽGϽ0.7G 0 the computed magnetization, which extends like a ridge in the entire QPC, corresponds approximately to a single spin. However, this spin is shared by a number of electrons (ϳ5) occupying extended states. For adjacent gate voltages the ridge is split in halves that reside in the two outer regions of the QPC. This suggests that there may be a number of possible spin configurations associated with these more or less disconnected domains. It is intriguing that this situation occurs in the same voltage region as the anomalous temperature behavior is observed. One may speculate that such spin states could contribute to correlated scattering effects and anomalous temperature behavior.
In summary, our modeling of a QPC using two interconnected quantum dots is able to predict realistic features of the QPC potential and effects of spontaneous local magnetization. The model also readily predicts the presence of conduction anomalies although some of the sharp features need further elaboration. In this respect our model should provide good guidance. For example, there is the obvious question of finite-size effects. Hence one should extend the present a model to infinite reservoirs including a proper treatment of the nonseparable QPC potential. Unfortunately such a modeling is computationally rather formidable. Another obvious point to investigate is the dependence of the anomalies FIG. 7 . Conductance G for and Ϫ spin electrons and the total conductance GϭG ϩG Ϫ in units of (e 2 /h) for different gate voltages.
on electron density, magnetic field, length of channel region, and surface gate geometry. It would also be important to test how different choices of correlation potential may affect theoretical predictions. Although small compared with the exchange potential we have found that even rather delicate differences may have noticable effects.
Note added in proof: Recently, Y. Meir, K. Hirose, and N.S. Wingreen have reported on a Kondo model for the ''0.7 anomaly'' ͑cond-mat/0207044͒. As in our work these authors also find local magnetization in the QPC using the KohnSham equations. However, we do not recover their quasibound states, which might depend on different geometries.
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